Although neuroimmune interactions associated with the development of pain sensitization in models of neuropathic pain have been widely studied, there are some aspects that require further investigation. Thus, we aimed to evaluate whether the local intraneural or perineural injections of dexamethasone, an efficacious anti-inflammatory and immunosuppressant drug, delays the development of both thermal hyperalgesia and mechanical allodynia in an experimental model of neuropathic pain in rats. Hargreaves and electronic von Frey tests were applied. The chronic constriction injury (CCI) of right sciatic nerve was performed. Single intraneural dexamethasone administration at the moment of constriction delayed the development of sensitization for thermal hyperalgesia and mechanical allodynia. However, perineural administration of dexamethasone, at the highest dose, did not delay experimental pain development. These results show that inflammation/immune response at the site of nerve lesion is an essential trigger for the pathological changes that lead to both hyperalgesia and allodynia. In conclusion, this approach opens new opportunities to study cellular and molecular neuroimmune interactions associated with the development of pain derived from peripheral neuropathies.
Introduction
Immune activation and the subsequent release of immune mediators in the peripheral nervous system contribute to pain. A variety of peripheral immune cells, including mast cells, macrophages, and lymphocytes, are resident in peripheral nerves and/or recruited to sites of peripheral nerve injury [23, 24] . These cells produce a plethora of inflammatory mediators that sensitize or directly activate peripheral nerves to generate action potentials, leading to peripheral and central sensitization [4] .
Additional support to a role played by neuroinflammation in the development of experimental pain arises from the finding that dexamethasone, a potent anti-inflammatory and immunosuppressant drug, inhibits fibrovascular tissue formation around sutures, infiltration of inflammatory cells and thermal hyperalgesia when administered intraperitoneally before and after CCI in rats [3] . It is tempting to associate the antihyperalgesic effect induced by dexamethasone to its action at the site of the nerve injury, leading to reduced infiltration of inflammatory cells and production of inflammatory mediators. However, when glucocorticoids are administered systemically, the site(s) of their action is(are) not clear as it has been shown that these drugs may also induce experimental pain suppressive effects after intrathecal administration in experimental models of neuropathic pain [12, 25] . However, when rats are subjected to CCI and have the sciatic nerves re-exposed and treated locally with a depot form of methylprednisolone at day 10 after injury, antiallodynic and antihyperalgesic effects are observed up to day 21 [9] , thus providing evidence that glucocorticoids may act locally at the site of nerve injury to inhibit sensitization. These results indicate that glucocorticoids applied around the site of nerve injury may reverse the sensitization when this phenomenon is fully established. To further elucidate the site of action of glucocorticoids, in the present study we investigated the ability of intraneural versus perineural administration of dexamethasone to prevent the development of thermal hyperalgesia and mechanical allodynia, when the drug was delivered at the time of sciatic injury in rats. 
Materials and methods

Animals
All experiments were performed according to the ethical guidelines for the investigation of experimental pain in conscious animals [28] and approved by the Ethics Committee on Animal Experimentation of the Federal University of Minas Gerais (protocol # 168/10). Male Wistar rats (240-280 g) were used, with groups matched on body mass (approximately 260 g). Efforts were made to minimize both animal distress and the number of animals used. The animals had free access to food and water and were maintained in a room with a 12 h light-dark cycle for 3 days before the experiment to allow for acclimatization. The experiments were conducted in the middle of light circadian phase, at room temperature between 26 and 28 • C, which corresponds to the thermoneutral zone for rats [7] . For three consecutive days before the experiment, the animals were habituated for approximately 30 min to the experimental apparatuses in order to minimize stress-induced antinociception. The investigator performing behavioral tests was blind to treatments.
Surgery and drug administration
CCI of the right sciatic nerve was performed as previously described by Bennett and Xie [2] , under anesthesia induced by ketamine (90 mg/kg) and xylazine (9 mg/kg) hydrochlorides (both manufactured by Vetbrands; Paulínia, São Paulo, Brazil). Four ligatures with a flexible nylon thread (Sanifill, Rio de Janeiro, Brazil) were tied loosely around the sciatic nerve at mid-thigh level [13] . Sham-operated animals underwent the same surgical procedure, save that the sciatic was not ligated. When dexamethasone (100 or 250 g/kg assuming 260 g rat on average hence 26 or 65 g/rat; Sigma-Aldrich, St. Louis, MO, USA) or equivolume (10 l) saline vehicle was injected directly into the sciatic nerve or administered perineurally onto the nerve, the two outermost ligatures were placed first and injection was performed using a 30-gage needle connected to a Hamilton syringe (Reno, NV, USA) in the center between the ligatures. Then, the remaining middle two sutures were placed, as previously described [21] .
Evaluation of thermal hyperalgesia
Paw withdrawal latency to a thermal stimulus was measured with a plantar test unit (model 7370, Ugo Basile, Comerio, Italy). Briefly, rats were kept in Perspex cells having a glass pane as a floor and a source of infrared light was directed upwards from below the glass toward the right hind paw plantar surface [8] . Cutoff time (20 s) was imposed to avoid tissue damage. The value for the response was obtained by averaging three measurements, with each determination separated by a minimum of 20 s. These procedures were performed under the same laboratory conditions as previously described [16] .
Evaluation of mechanical allodynia
Rats were placed in acrylic cages with wire mesh floors 15 min before the start of testing. The test consisted of evoking a hind paw flexion reflex with a hand-held force transducer (electronic pressure-meter, Insight, Ribeirão Preto, Brazil) adapted to a 0.5-mm 2 polypropylene tip. The experimenter was trained to apply the tip perpendicularly to the central area of the hind paw with a gradual increase in pressure. The endpoint was characterized by the removal of the paw usually followed by flinching movements. After the paw withdrawal, the intensity of the pressure was automatically recorded. The value for the response was obtained by averaging five measurements. The animals were tested before and after surgeries and/or treatments. The results are expressed by the absolute withdrawal threshold (in grams). These procedures were similar to those previously described [20] .
Statistical analyses
The results, expressed as mean ± standard error of the mean, were analyzed by two-way repeated measures ANOVA followed by Bonferroni post hoc test, taking surgery and time (Fig. 1A and B) or treatment and time (Figs. 2A, B and 3A, B) as main effects. Values of p < 0.05 were considered to show significant differences between means. The software GraphPad Prism ® 5.0 (San Diego, CA, USA) was used for the analyses.
Results
Thermal hyperalgesia was observed from day 3 after surgery onward ( Fig. 1A ; main effect of surgery factor: F (2,100) = 21.68, p < 0.0001; main effect of time: F (5,100) = 2.64, p = 0.0275; interaction: F (10,100) = 1.87, p = 0.0588), whereas mechanical allodynia was observed from day 7 onward (Fig. 1B ; main effect of surgery factor: F (2,240) = 10.66, p = 0.0011; main effect of time: F (15,240) = 3.95, p < 0.0001; interaction: F (30,240) = 3.01, p < 0.0001).
Next, it was tested whether a single intraneural injection of dexamethasone at the time of sciatic injury could delay the development of both thermal hyperalgesia and mechanical allodynia. We observed that intraneural treatment with the highest (250 g/kg) dose of dexamethasone led to a rightward shift in the curve of sensitization for thermal ( Fig. 2A; Fig. 2A and B) .
Finally, when the administration of dexamethasone (250 g/kg) was performed perineurally, neither antihyperalgesic (main effect of treatment: F (Fig. 3) . 
Discussion and conclusions
In the present study, we show that the intraneural, but not perineural, administration of dexamethasone (250 g/kg based on 260 g rats, on average) delays the development of both thermal hyperalgesia and mechanical allodynia in CCI rats when administered at the time of sciatic nerve injury. While not examined here, we predict that intraneural dexamethasone, but not perineural dexamethasone, inhibited the infiltration of inflammatory cells into the nerve and may have also inhibited the production of inflammatory mediators by Schwann cells. Suppression of neuropathic pain development by intraneural dexamethasone cannot be accounted for by systemic spread, given that perineural dexamethasone would more readily become systemic, yet perineural dexamethasone failed to affect the development of neuropathic pain. Furthermore, the fact that different time courses were observed for intraneural dexamethasone effects on hyperalgesia and allodynia reinforces prior evidence that CCI-induced thermal hyperalgesia and mechanical allodynia have distinct underlying mechanisms [4] .
It has previously been shown that dexamethasone has a 2.3 h half-life after either intravenous or intramuscular injection in rats [18] . However, no information is available about the pharmacokinetics of this drug after intraneural administration. If one assumes that dexamethasone exhibits similar pharmacokinetics after systemic versus intraneural administration, it would then be highly likely that dexamethasone had already been biotransformed and eliminated by the time that antiallodynic effects were observed. If this is true, then these results support that a short-lasting antiinflammatory, immunosuppressant treatment, administered at the time of nerve injury, can be sufficient to delay experimental pain development for days. Consistent with our findings, local administration of the glucocorticoid agonist triamcinolone to ferret lingual nerve at the time of injury reduces injury-enhanced, evoked electrical activity in the nerve as long as 3 months after the injury [27] .
It is likely that dexamethasone exerts its antihyperalgesic and antiallodynic effects through multiple mechanisms. The proinflammatory responses of neutrophils, macrophages, lymphocytes and mast cells, which normally infiltrate into the nerve after injury [14, 15] , can be suppressed by dexamethasone [3, 5, 10, 11, 26] . Moreover, Schwann cells are activated after CCI [6] , and their production of cytokines and chemokines is inhibited by dexamethasone in vitro [17] , though in vivo evidence seems to be lacking. These various cell types can release a wide array of inflammatory mediators which sensitize or activate nociceptive neurons, thereby enhancing pain [4] . Given the pleiotropic genomic and non-genomic antiinflammatory actions of dexamethasone [1] , it may prevent the initial proinflammatory events initiated in response to CCI and thus prevent or delay the subsequent development of hyperalgesia or allodynia.
Besides actions on immune cells, both genomic and nongenomic actions on neurons may be hypothesized to explain the effect induced by intraneural dexamethasone on the development of hyperalgesia and allodynia. Supporting genomic actions, modulation of expression of channels involved in excitability of neurons in nociceptive pathways by glucocorticoids may also interfere with nociceptive responses [22] . Dexamethasone may alter expression of pain-relevant receptors, as prenatal exposure of rats to dexamethasone decreases P2X3 expression in DRG and spinal cord [22] , though effect on P2X3 expression in adult rats remains to be tested. Furthermore, glucocorticoids can alter the expression of neurotransmitters implicated in pain transmission. For example, removal of endogenous glucocorticoids by adrenalectomy increases calcitonin gene-related peptide (CGRP) concentrations in the dorsal root ganglia (DRG) suggestive that increases in glucocorticoids may be able to suppress CGRP production. As the adrenalectomy-induced increases in CGRP were reversed by dexamethasone [19] , this give credence to the idea that glucocorticoids, rather than other adrenal factors, underlie the effects observed.
In conclusion, the results reinforce the evidence that early neuroimmune interactions are essential for triggering mechanisms necessary for the development of long lasting thermal hyperalgesia and mechanical allodynia in models of neuropathic pain, though additional actions on neural excitability may also be taken into account. The study presents a localized methodological approach that opens opportunities to study in detail the cellular and molecular multi-step inflammatory processes by which peripheral neuropathies lead to persistent, pathological pain states.
